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We investigate properties of perpendicular anisotropy magnetic tunnel junctions (pMTJs) with a stack structure
MgO/CoFeB/Ta/CoFeB/MgO as the free layer (or recording layer), and obtain the necessary device parameters from the
tunneling magnetoresistance (TMR) vs. field loops and current-driven magnetization switching experiments. Based on the
experimental results and device parameters, we further estimate current-driven switching performance of pMTJ including
switching time and power, and their dependence on perpendicular magnetic anisotropy and damping constant of the free
layer by SPICE-based circuit simulations. Our results show that the pMTJ cells exhibit a less than 1 ns switching time and
write energies < 1.4 pJ; meanwhile the lower perpendicular magnetic anisotropy (PMA) and damping constant can further
reduce the switching time at the studied range of damping constant α < 0.1. Additionally, our results demonstrate that the
pMTJs with the thermal stability factor ' 73 can be easily transformed into spin-torque nano-oscillators from magnetic
memory as microwave sources or detectors for telecommunication devices.

Keywords: magnetic tunnel junctions, magnetic tunnel junction (MTJ) model, switching time, spin torque
nano-oscillator
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1. Introduction
Spintronics as an emerging technology began from dis-

coveries of giant magnetoresistance (GMR) and tunneling
magnetoresistance (TMR) effects in the 1980s. One of the
main applications of these magnetoresistive effects is in mag-
netic field sensors, e.g., in hard disk drive read heads and
biosensors. There are four main types of magnetic transducers:
Hall effect, anisotropic magnetoresistance (AMR), GMR, and
TMR. Compare to Hall element with large power consump-
tion and poor linearity, the AMR element has a much higher
sensitivity, but a narrower linear operating range. The mag-
netoresistance (MR) ratios of conventional AMR and GMR
elements are about 3 % and 12% at room temperature, respec-
tively, while the TMR element can be over 200%,[1] which
indicates higher sensitivity. Besides the much higher sensi-
tivity, the TMR element has better temperature stability, low
power consumption, and a wider linear range relative to ARM
and GMR sensing elements. This is why the TMR element
is utilized as a highly-sensitive reading element in hard dish
drive these days.[2,3]

On the other hand, the functionalities of spintronic
devices have made significant progress in magnetic mem-
ory, logic devices, and radio-frequency electronics in the
last two decades[4] following the discovery of spin-transfer
torque (STT) effect enabling electronic control of nanomag-
netic systems.[5,6] The spin current-driven STT can not only
change the static magnetic configuration by generating the
effective magnetic field,[7–9] but also can result in the exci-
tation of coherent dynamical magnetization states by com-
pensating the dynamical damping in magnetic systems.[9,10]

Intense ongoing efforts in the former are focused on ex-
ploring STT-MTJ including to achieve higher density inte-
gration of MTJ cells for magnetic random access memory
(MRAM),[11] meanwhile keep high thermal stability and low
power consumption.[2,4,12–15] Many of these challenges are
closely related to the fact that the current required to switch the
magnetization is proportional to the energy barrier separating
the two states. At the same time, the thermal stability of the
device is also proportional to the magnetic anisotropy energy.
Therefore, a higher energy barrier will improve the nonvolatil-
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ity, but it also requires a higher current to flip states. In the
past ten years, researchers have theoretically proposed and ex-
perimentally verified various approaches to solve these chal-
lenges such as to temporarily lower the energy barrier right
before applying an STT current by using voltage-controlled
magnetic anisotropy (VCMA) effect[16–19] or heating effect,
to improve the nonvolatility by incoming the anisotropy fields
due to the interlayer or interfacial exchange coupling between
magnetic layers,[20–22] and to further reduce the switching cur-
rent by combining STT and spin–orbit torque (SOT) in three-
terminal MTJ structure.[23] For the spin-torque driven dynam-
ical magnetization, many studies are focused on investigating
the relationship among the coherence of the dynamical states
in spin-torque nano-oscillators (STNOs),[9,10,24] the magnetic
properties, and the layout of magnetic nanostructures with the
goal of achieving the optimized characteristics of STNOs for
the specific applications in radio-frequency electronics, spin
wave-based devices, and neuromorphic computing.[25,26]

In this paper, we first investigate properties of the pMTJ
cell with a stack structure MgO/CoFeB/Ta/CoFeB/MgO as the
free layer (or recording layer), and obtain the necessary de-
vice parameters from the TMR vs. field loops and current-
driven magnetization switching experiments. Additionally, we
study the STT-pMTJ switching performance including switch-
ing time and power, and their dependence on the perpendicular
magnetic anisotropy and damping constant of the free layer,
as well as pMTJ-based STNO dynamics performance by us-
ing SPICE model based on the experimentally obtained de-
vice parameters. This paper is organized as follows. First, the
stacked structure of STT-pMTJ and the experimental results
of static magnetization switching driven by magnetic field and
currents are shown in Section 2. Next, Section 3 introduces the
background, key physical effects involved in our studied STT-
pMTJ cell, and the SPICE model used in this paper. Section 4
investigates the effect of material parameters on the switching
dynamics performance. Finally, conclusions are summarized
in Section 5.

2. Experimental results of STT-pMTJ
Since its greater thermal stability than that of the

in-plane magnetized MTJ, the perpendicularly magnetized
MTJ structure has been widely adopted to build MRAM
cells, magnetic field sensors, and STNOs for microwave
generators or detectors. Given perpendicular magnetic
anisotropy (PMA) advantages, various PMA materials,
such as rare-earth transition metal amorphous alloy layer,
[Co/(Pt,Pd)] multilayers, and CoFeB/MgO frames, have
been widely investigated for the past decade. Among
these PMA materials, the CoFeB/MgO/CoFeB frames
were intensively studied for the development of prac-
tical devices due to their large TMR ratio.[27] Here,

we adopted pMTJ cells with the following stacks of
buffer/SAF/spacer/CoFeB(1)/MgO(1.4)/CoFeB(1)/Ta(0.4)
/CoFeB(1.6)/MgO(1)/capping layer (thicknesses in nm) to en-
hance further PMA, as well as the thermal stability factor
by utilizing the double-interface structure as the recording
layer (or free layer) instead of the single-interface structure,
as shown in the inset of Fig. 1(a). The SAF represents Co/Pt
multilayer based synthetic ferrimagnetic reference layer with
a minimum stray field on the recording layer.[21] The mul-
tilayer was subsequently patterned into circle-shaped nano-
pillars with a diameter of less than 100 nm. TMR hystere-
sis loops of these pMTJ nano-pillars were investigated sub-
stantially under out-of-plane magnetic fields at a small bias
current of 1 µA. Figure 1(a) shows the representative minor
TMR hysteresis loop corresponding to magnetization switch-
ing of the free layer in the MTJ cell. The well defined square-
shaped TMR hysteresis loop indicates that the studied MTJ
cell has a strong PMA for both free layer (FL) and refer-
ence layer (RL). The high resistance state RAP and low re-
sistance state RP correspond to the antiparallel (AP) and par-
allel (P) alignment of magnetization of RL and FL, respec-
tively, as shown in Fig. 1(a). The TMR ratio is defined as
TMR = 100× (RAP − RP)/RP. A TMR ratio of as high as
188% can be achieved at room temperature, indicating good
quality of pMTJ. Additionally, the TMR hysteresis loop was
offset to 1.17 kOe from the origin of the applied magnetic
field, indicating that FL suffers the influence of the stray field
as well as the possible interlayer exchange coupling between
FL and RL. Similar results were observed in devices with other
sizes and did not show a clear dependence of TMR ratio on
their resistance-area product (RA) (< 10 Ω ·µm2), indicating
that our pMTJ cell array has a very good uniformity and may
achieve high-performance, low energy STT-pMRAM.

To investigate STT-driven magnetization switching char-
acteristics of the MTJ with strong PMA, the current-driven
magnetization switching experiments were performed at room
temperature. Figure 1(b) shows the representative resistance
vs. current (R–I) curves of the pMTJ obtained by scanning
dc current at various out-of-plane bias magnetic fields. Pos-
itive bias current corresponds to electrons flowing from the
reference layer to the free layer and thus favors parallel align-
ment of magnetization of FL and RL. The value of high resis-
tance RAP shows an obvious decrease with increasing ampli-
tude of bias current for all R–I curves. Additionally, the criti-
cal current IAP−→P

c (from AP to P state) is smaller (larger) than
IP−→AP
c (from P to AP state) when applied a negative (positive)

bias magnetic field. The strong current dependent TMR ratio
and field-dependent critical currents (Ic) behaviors observed in
Fig. 1(b) are related to bias voltage and temperature-dependent
spin polarizability of materials, also consistent with the previ-
ous reports of typical STT-induced magnetization switching
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in pMTJ. The average critical switching current density Jc0

of 5 MA/cm2 at zero external field is comparable to other re-
ported MgO-based MTJs. Furthermore, the spin transfer effi-
ciency η ∼ 0.29 and the spin polarization factor P0 ∼ 70% as
device parameters used in the SPICE model also can be esti-
mated from the experimental data above.
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Fig. 1. TMR loops of MTJ cell with 60 nm diameter. (a) Minor TMR
vs. HApp loop corresponding to the magnetization switching of the free
layer (FL). The vertical dashed line represents the shift field owing to
the stray field, as well as the possible interlayer exchange coupling. The
dashed arrows represent the direction of magnetization switching from
parallel (P) to antiparallel (AP) states, or in reverse. The magnetization
configuration of FL and the reference layer (RL) are marked as the solid
arrows in the two rectangles, respectively. The left bottom inset is the
optical image of the measurement structure of one single MTJ cell. The
right top inset is the physical multilayer stacks structure of an MTJ cell.
(b) TMR vs. bias current (voltage) loops under the different external
fields of −0.31 kOe, 0, and 0.31 kOe, respectively.

3. Background and key physics
3.1. Perpendicular magnetic anisotropy

As mentioned before, studies showed that a PMA-based
MTJ has a lower switching current than an in-plane mag-
netic anisotropy based MTJ with the same thermal stability
factor ∆ .[15] In studied MgO/CoFeB/Ta/CoFeB/MgO-based
pMTJ systems, the perpendicular magnetic anisotropy origi-
nates from the interfacial anisotropy of both CoFeB–Ta and
CoFeB–MgO interfaces. For a magnetic system, the effective
perpendicular anisotropy field (HK⊥eff) can be generally ex-
pressed as

HK⊥eff = HK⊥−Hdz = 2K⊥/MS−4πNdzMS, (1)

where HK⊥ is the perpendicular anisotropy field related to
PMA, Hdz and Ndz are the z-axis component of the demagne-

tization field Hd and corresponding geometry-dependent de-
magnetization coefficient, MS is the saturation magnetization
of the magnetic free layer. For interface PMA (iPMA) system,
the PMA constant K⊥ can be expressed as Ki/tF = 2πM2

StC/tF,
where Ki is the interfacial anisotropy energy density, tF is the
thickness of the magnetic free layer, and tC is its critical thick-
ness where the magnetic system has a perpendicular magneti-
zation at zero field.

3.2. Voltage-controlled magnetic anisotropy effect

In recent years, many experimental and theoretical stud-
ies have shown that voltage-controlled magnetic anisotropy
(VCMA) can be induced by the charge accumulation at the in-
terface of ferromagnetic materials owing to an applied electric
field.[16–18] Since the accumulated charge screens the external
electric field in the region within a few monatomic layers of
the metal–barrier interface, the VCMA is also closely related
to the interface. The relationship between the gate-voltage and
iPMA can be modeled by an empirical formula as follows:

∆Ki = Ki(V )−Ki(V = 0) =−ξVF/tb, (2)

where ξ is the VCMA coefficient that represents the sensi-
tivity between the magnetic anisotropy and the applied elec-
tric field, and tb is the thickness of the oxide barrier layer
MgO. Additionally, the energy barrier of the free layer be-
tween two magnetization configurations can be represented as
Eb = µ0MSVFHK/2, where VF is the volume of the free layer,
MS and HK are the saturation magnetization and the anisotropy
magnetic field, respectively. Therefore, the voltage-controlled
iPMA HK⊥eff can modulate the energy barrier Eb, resulting in
the reduction of the critical switching current, even directly
switching the magnetization of the free layer. As mentioned
before, the thermal stability factor ∆ is a critical parameter
determining the data retention capability of MRAM, which is
defined as the energy barrier Eb of the recording layer nor-
malized to the thermal energy kBT , where kB is Boltzmann’s
constant, and T is the absolute temperature.

3.3. Spin transfer torque

Spin transfer torque effect describes the transfer of an-
gular momentum from electrons spin polarized by the fixed
magnetic layer (also named as the polarized layer) and deliv-
ered in the form of torque to switch the magnetization of the
free layer in an MTJ or spin valve.[5,6] The direction of the
generated torque is determined by the direction of the applied
electric current perpendicularly passing through the devices
and the magnetization of the polarized layer. Therefore, in-
stead of the external field switching, a bidirectional current
can control a bidirectional magnetization switching of the free
layer in an STT-MTJ cell with a fixed magnetic layer as the
polarized layer. The intrinsic threshold current density Jc0 is
an important parameter that characterizes STT magnetization
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switching in STT-MRAM. The threshold current density is ex-
pressed by the following equation:

Jc0 =
αγeMStFHeff

η(θ)µ0
, (3)

where α is the Gilbert damping constant, γ is the gyromag-
netic constant, e is the charge of electron, MS is the saturation
magnetization of the free layer, tF is the thickness of the free
layer, η(θ) = P/[2(1+P2)cosθ ] is the STT efficiency, P is
the spin polarization factor, and θ is the angle of the magneti-
zations between the free and fixed layers (θ = 0 for P state, π

for AP state). Heff is the effective field including the external
applied field Hex, anisotropy field HK, demagnetization field
Hd, and the stray or dipole field Hst.

3.4. TMR and temperature effects

TMR of the MTJ is expressed as (RAP−RP)/RP, where
RAP and RP are the antiparallel and parallel resistances of MTJ,
respectively. Based on voltage- and temperature-dependent
spin polarization factor P of magnetic materials, the voltage
and temperature dependence of TMR can be captured using
the modified Julliere’s formula as follows:

TMR(T,V ) =
2P2

0 (1−αspT 3/2)2

1−P2
0 (1−αspT 3/2)2 ·

1
1+(V/V0)2 . (4)

Here, P0 is the polarization factor which can be experimentally
determined by the low-bias TMR in R–V curves of MTJ, αsp is
the material-dependent empirical constant, and V0 is the bias-
voltage which can be determined by the high-bias features of
TMR in the experimental observes [Fig. 1(b)].

3.5. Magnetization dynamics and LLG equation

Various studies have shown that the dynamical motion of
a time-varying magnetization vector M(t) under spin trans-
fer torques can be well described by Landau–Lifshitz–Gilbert
(LLG) equation as

1+α2

γ
· d𝑀

dt
= −𝑀 ×𝐻eff−α ·𝑀 × (𝑀 ×𝐻eff)

+
h̄PJ

2etFMS
·𝑀 × (𝑀 ×𝑀p). (5)

Here, γ is the gyromagnetic ratio, α is the Gilbert damping
constant, h̄ is the reduced Plank’s constant, e is the electron
charge, P is the spin polarization factor, J is the current density
passing through the device, 𝐻eff is the effective magnetic field
including the different field components as mentioned above,
MS and tF are the saturation magnetization and thickness of the
magnetic free layer, 𝑀 and 𝑀p are the magnetization vectors
of the free and fixed layers, respectively.

4. Spice simulation of STT-PMTJ
4.1. SPICE model framework

As inspired by the proposed SPICE-based LLG models
for STT-MTJ in recent years,[28–31] we performed the substan-
tial circuit simulation and analysis of the pMTJ devices strictly

based on our experimental parameters to acquire the MTJ
switching performance and its dependence on bias voltage
Vbias, thickness of recording layer tF (or magnetic anisotropy
HK), and damping constant α for guiding experiments to fur-
ther optimize the device parameters for the development of
MTJ. Figure 2 shows the SPICE model consisting of five sub-
circuits: voltage-dependent magnetic anisotropy, LLG, STT,
TMR, and temperature, similar to previous reports.[31] The
simulation parameters of the STT-MTJ device are extracted
from our experiments above and listed in Table 1.

Table 1. MTJ simulation parameters.

Parameters Description Default values
Lx free layer length [nm] 56
Ly free layer width [nm] 56
Lz free layer thickness [nm] 1.46
tc critical thickness [nm] 1.5
tox MgO thickness [nm] 1.4

MS0 saturation magnetization 1000
@ 0 K (kA/m)

P0 polarization factor @ 0 K 0.8
α magnetic damping factor 0.02
ξ VCMA coefficient (fJ·V−1·m−1) 33

RA resistance-area product (Ω ·µm2) 10
T0 initial temperature (K) 300

MA perpendicular 1
State parallel (0)/anti-parallel (1) 0/1

Cθ

Cθ

IS

IS

Heff

Heff
RMTJ (V)

VMTJ

VDD

sLLG

pMTJ
IS

Mz

DV

DT ~

Fig. 2. SPICE model framework for modeling the MTJ-based devices
in Fig. 1 based on the experimentally obtained parameters.

In our circuit simulation, a simple STT-MRAM cell con-
sisting of a two-terminal MTJ in series with an access tran-
sistor is shown in Fig. 3(a). Consistent with our experimental
devices, the two-terminal MTJ consists of a fixed layer, a bar-
rier layer, and a free layer. In an STT-MRAM cell, the data is
stored or coded by the magnetization direction of FL, which is
controlled by the electric current passing through the MTJ cell.
The bidirectional current is achieved by applying proper volt-
ages to the bitline and the source line meanwhile keeping the
corresponding access transistor on by applying an appropriate
voltage to the word line. Figure 3(b) shows the representa-
tion of our experimental R–V curves. The R–V characteristics
are well reproduced by using the modified Julliere’s formula
Eq. (4) with the fitting parameters P0 = 0.8, V0 = 0.65, and
αsp = 2×10−5 , as shown in Fig. 3(c).
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Fig. 3. The pMTJ-based STT-MRAM. (a) Spin-circuit modeling of an STT-pMRAM bit cell including spin-transfer-torque, voltage-controlled
magnetic anisotropy, and temperature effects. (b) The experimental result of the bias current dependent TMR of our pMTJ device. (c) The
simulation result of the modeling pMTJ-based STT-MRAM.

4.2. STT switching performance

Compared to the state-of-art of measurement technolo-
gies required in experimentally determining the ultra-fast
switching time, the circuit simulation can easily access to STT-
induced magnetization switching process by directly analyz-
ing the time-domain circuit signal related to the magnetization
of the free layer. The z-component of magnetization Mz as
a function of time after applying a bias-voltage with differ-
ent amplitudes on the MTJ cell is shown in Fig. 4. One can
see that for both switching directions (P-to-AP and AP-to-P),
the switching time τ corresponding to Mz = 0 decreases with
the increase of the pulse amplitude. Since the studied magne-
tization switching in STT-MTJ is in the precessional switch-
ing regime, the switching is dominated by STT rather than
temperature-dependent thermal activation effect. Based on the
adiabatic precessional model, the switching time can be ex-
pressed as

τ = τ0 ln(π/2θ0)

(
V0

V −V0

)
, (6)

where τ0 is the relaxation time, V0 is the zero temperature in-
stability voltage, and θ0 = (kBT/2Eb)

1/2 is the initial angular
deviation of the magnetization from its easy axis. According
to the energy barrier Eb = µ0MSVFHk/2 discussed in Section 3
above, θ0 = 0.105 is obtained from our experimental results.
Figures 4(c) and 4(d) show that the switching time obtained
from the SPICE-based LLG model of STT-pMTJ for AP-to-P
(P-to-AP) state can be well fitted by Eq. (6) with the fitting
parameters V0 = 0.87 (0.74) V and τ0 = 0.35 (0.72) ns, indi-
cating the validation of the model. In addition, the switching
time (inverse proportional to the switching voltage) of AP-to-
P is shorter than that of P-to-AP, which is also consistent with

our experimental observation and previous reports in pMTJ
due to voltage-dependent magnetic anisotropy and polariza-
tion. Furthermore, the energy per write for a given pulse am-
plitude can be estimated by using Ew = V 2

biasτ/R. In practical
operation, however, it should be noted that the bias voltage
Vbias across the MTJ cells is related to the input pulse voltage
Vin by Vbias = 2VinRAP/P/(RAP/P + Z0) due to the mismatch
between the high MTJ resistance and the Z0 = 50 Ω system
impedance. RAP = 6.5 kΩ and RP = 3.2 kΩ are the resistances
of antiparallel and parallel states of our MTJ devices, respec-
tively. A minimum Ew for P-to-AP (AP-to-P) switching of 1.4
(0.5) pJ is estimated for the studied MTJ devices.

In addition to the switching current density, the switching
time is another important parameter of STT-MRAM, because
it is related to the write speed and power consumption of the
device. Many previous theories, experiments, and numerical
simulations showed that the switching current and time exhibit
the complex dependence on multiple parameters, such as the
saturation magnetization, the effective magnetic anisotropy,
and damping constant, especially in the sub-100 nm scale
STT-pMTJ. To get the relationship between switching perfor-
mance and various material parameters for guiding and op-
timizing the design of STT-MRAM devices, we investigated
the dependence of switching time on perpendicular magnetic
anisotropy by varying the thickness tF of the free layer, as
shown in Fig. 5. As discussed in Fig. 4, the asymmetry of
current-driven MTJ switching phenomena is observed under
all four thicknesses studied. One can easily see that the switch-
ing time τ for both AP-to-P and P-to-AP decreases with re-
ducing magnetic anisotropy because the iPMA decreases with
the increase of free layer thickness tF. Based on Eq. (6), we
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can quantitatively estimate that the 40% reduction of iPMA
Ki by increasing tF from 0.8 nm to 1.4 nm causes about 47%
reduction of average switching time 〈τ〉 of AP-to-P and P-
to-AP at bias voltage Vbias = 2 V. Although the reduction of
〈τ〉 is degrading with increasing Vbias, it still has ∼ 30% drop
from tF = 0.8 nm to 1.4 nm at Vbias = 3.5 V. Furthermore,
Gilbert damping dependent switching time is also investigated,
as shown in Fig. 6. Since the thin film CoFeB (∼ 1 nm ) as the

free layer of the MTJ cell usually has a less than 0.1 damp-

ing constant (0.02 for our devices shown above), the study of

damping-dependent τ is focused on the damping range of less

than 0.1 for guiding the design of the practical STT-MRAM.

Our results show that the damping constant has a significant

influence on switching time τ during P-to-AP switching pro-

cess, while a very weak effect on τ for AP-to-P.
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The conventional spin-torque nano-oscillators based on
magnetic multilayer structures, spin-valve,[10] or MTJ;[32] re-
cently developed spin-Hall nano-oscillators[26,33,34] based on
nonmagnetic heavy metal and magnetic metal or insulator bi-
layer structure; and the magnetic auto-oscillators with highly
current- and field-dependent frequency tunability, modula-
tion, injection locking, and mutual synchronization have great
potential applications as a class of miniaturized and ultra-

broadband microwave signal generators for nanosensor and
wireless communications, or as nanoscale spin-wave excita-
tion sources for magnon-based devices.[25] The STNOs with
the largest reported integrated output power have been pre-
sented in CoFeB-MgO-based MTJs due to their high TMR.[32]

The studied pMTJ cells for STT-MRAM applications are also
can be used as STNOs for RF electronics by adding an in-
plane magnetic field at an appropriate current range. Figure 7
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shows that current-driven STT can compete with the damping
and sustain a stable magnetization procession at Vbias = 3 V
and in-plane field H = 1500 Oe. The representative auto-
oscillation frequency spectra can be obtained by performing
the fast Fourier transform (FFT) of the time-dependent z-
component magnetization Mz depicted in Fig. 7(a). The FFT
spectrum of Mz shows a primary peak at 3.3 GHz, which is
below the frequency of ferromagnetic resonance 3.9 GHz, in-
dicating that it is a localized mode. While the higher frequency
∼ 6.6 GHz is its second harmonic mode. The frequency and
power of magnetic nano-oscillators can be controlled by the
applied current and magnetic field.
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Fig. 7. STT sustained stable magnetization procession in pMTJ-based
STNO. (a) Time trace of the normalized z-component magnetization Mz of
the free layer in STNO at bias voltage Vbias = 3 V and applied in-plane field
H = 1500 Oe. (b) FFT spectrum of the free-running STNO with a founda-
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5. Conclusion
We utilized stack structure MgO/CoFeB/Ta/CoFeB/MgO

as the free layer of pMTJ, and achieved a high TMR ratio

∼ 190% at room temperature, meanwhile keeping a well ther-
mal stability factor ∼ 73. Based on the experimental results
and the extracted material parameters, we further estimated the
STT-pMTJ switching performance including switching time
and power, and their dependence on perpendicular magnetic
anisotropy and damping constant of the free layer by SPICE-
based circuit simulations including voltage-controlled mag-
netic anisotropy, spin-transfer-torque, and temperature effects.
The observed TMR vs. current curves can be well reproduced
by our circuit simulations, which validate the SPICE model of
pMTJs. Our simulation results show that the pMTJ cells ex-
hibit switching time less than 1 ns and write energies < 1.4 pJ;
meanwhile the lower PMA and damping constant can further
reduce the switching time at the studied range of damping con-
stant α < 0.1. Additionally, our results also demonstrate that
the pMTJ cells could be easily transformed into spin-torque
nano-oscillators from magnetic memory as microwave sources
or detectors for telecommunication devices. Our results and
methods suggest that the SPICE-based LLG model provides
an efficient approach for the designers of spintronic devices
to easily estimate key performance indicators of devices and
optimize device and material parameters.
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